The location of hyperthermophilic organisms in the tree of life has been the source of many exciting discussions during the last two decades. It inspired not only novel hypotheses for the early evolution of the organisms, but also the isolation of many new species of Archaea and Bacteria from hot environments, as well as microbial genome sequencing and phylogenomic analyses. In view of the new wealth of genetic information generated from several analysed genomes of the hyperthermophiles, we can only conclude that the question of their exact phylogenetic location and evolutionary origin is presently as open as ever before.
The pre-genomics era: phylogenetics
The attention of the phylogeneticists was first drawn to the hyperthermophiles in the late 1970s, when the only hyperthermophilic organisms known at that time were joined together with other extremophilic organisms in a third domain of life, the Archaea (that time named the archaebacteria) [1] . Inspired by the idea of a new domain of life, in the following years field biologists isolated many new species of hyperthermophilic Archaea and Bacteria [2] . Tools for molecular phylogenetic analyses were rather limited until DNA-sequencing technology improved in the mid-1980s to a level that significant numbers of 16 S rRNA sequences and a few protein coding genes could be generated as a basis for modern molecular phylogenetic trees [3] . By that time plenty of hyperthermophilic species had been isolated, and it became obvious that the lineages of the hyperthermophiles were located at the deepest positions within the phylogenies of both prokaryotic domains [4] (Figure 1 ). The hypothesis of the hot origin of life was derived from such phylogenies [4] , and hyperthermophilia was considered to be an ancient feature of life. The hot origin hypothesis was supported by geological records which indicate a hot hydrosphere about 3 billion years ago, and by the better chances of hyperthermophiles to survive the frequent sterilizations in Earth's early history [5] . However, other phylogeneticists argued against that hypothesis, because prebiotic chemistry points to a low-temperature origin of life due to rapid decomposition of most biochemical molecules at high temperatures, and because of the incompatibility of a hot origin with the RNA-world hypothesis [6] . Based on the structure and evolution of reverse gyrase -the only enzyme found exclusively in hyperthermophiles -it was suggested that hyperthermophiles evolved from mesophilic ancestors, and that therefore the 16 S rRNA-based phylogenies might be misleading [7] . Other phylogenies derived from proteins that are conserved enough to serve as markers for universal phylogenies, like the DNA-directed RNA polymerases [8] , also disagreed with the 16 S rRNA phylogenies and the deep location of the hyperthermophilic lineages. In the mid1990s it became clear that single gene phylogenies from rRNAs and proteins would not be sufficient to reliably solve the phylogenetic location of the hyperthermophiles. The incompleteness of our data sets (that is, the lack of completed genome sequences) seriously hampered the value of our phylogenies and the hypotheses inferred thereof.
The genomics era: phylogenomics
Much sooner than most of us expected, the genomic revolution quenched the thirst of the phylogeneticists for complete data sets. When Craig Venter and his team published the first ever microbial genome sequence in 1995 [9] , sequencing of the first genomes from hyperthermophilic species was already under way. With Methanococcus jannaschii [10] and Archaeoglobus fulgidus [11] two hyperthermophiles were within the first 10 published genome sequences. Up until now the genomes of another 12 hyperthermophilic species of Archaea and three hyperthermophilic species of Bacteria have been completed. With 8% of all presently finished genome sequences, the hyperthermophiles are clearly overrepresented in microbial genomics. One reason for this over-representation is certainly the biotechnological value of their enzymes, but the other reason is their importance for phylogenetic -now phylogenomic -analyses and the hypotheses inferred thereof for the origin of life.
When phylogeneticists started to compare the completed genome sequences, they had to learn that only a limited set of about 85 protein-coding genes has been conserved in all organisms; see the COGs (Clusters of Orthologous Genes) database [12] . Most of these genes are 'informational', meaning they belong to information-processing pathways: translation, ribosomal structure and biogenesis, transcription, DNA replication, post-translational modification, recombination and repair. These 'core' genes where initially expected to be stable components of the organisms during the course of evolution, immune against LGT (lateral gene transfer).
LGT is a major thread to all phylogenetic reconstructions that hampers the exactness and reliability of phylogenetic trees. Unfortunately, it turned out that the 'informational' core genes are no less subject to LGT than 'operational' genes, which are far less represented within the core [13] . Furthermore, many of the genes found within the 'core' set are rather short and do not contain enough information for the inference of large phylogenetic trees that span the whole range of organisms, e.g. the ribosomal proteins. As a way out of this dilemma some researchers inferred phylogenies from 'concatenated' proteins, which are artificial constructs from several proteins joined up to longer and more information-containing data sets [14, 15] . The phylogenies inferred from such constructs often confirmed the deep phylogenetic location of the hyperthermophilic lineages within the Bacteria [14, 15] , although sometimes only after removal of previously undetected LGT-hampered fractions [15] . Concatenated and global phylogenies -phylogenies using features of all genes within compared genomes -are not only subject to LGT artefacts, but also depend on abnormalities of the amino acid composition of the organism's proteome. A concatenated tree of ribosomal proteins [14] , as well as a phylogeny based on the median percentage identity distribution of all probable orthologues in microbial genomes [14] , showed deep hyperthermophilic bacterial lineages, but also Halobacterium as the deepest branch within the Archaea. Halobacteria are clearly not hyperthermophiles, but their amino acid composition differs from that of the other Archaea due to their high-salt environment. A similar phylogeny with Halobacterium branching off below all the (hyper-) thermophilic Archaea can be found with SHOT (shared orthologue and gene order tree reconstruction tool), where similarity between two species is defined as the ratio of the number of shared orthologues and a normalization value that reflects varying genome sizes [16] . The abnormalities of hyperthermophiles compared with mesophilic organisms have to be considered for phylogenetic reconstructions, and might constitute very well the reason for the frequent deep phylogenetic placement. From Cambillau and Claverie [17] we learned that the proteins of hyperthermophiles contain a higher proportion of charged residues at the expense of non-charged polar amino acids. The second set of genes which is of interest for a phylogenomic analysis of hyperthermophiles are those genes found exclusively in the genomes of hyperthermophiles, but which are not present in the genomes of mesophilic or psychrophilic organisms. Although functional predictions for several novel genes found in hyperthermophiles could be inferred from COGs analysis [18] , the reverse gyrase remains until today the only gene that is absolutely characteristic of the hyperthermophiles [7] .
When we think about 'phylogenomics' we can't possibly restrict the reconstruction of phylogenies to the rRNA genes (which constitute about 0.05% of average microbial genomes) or the 'core' genes (a mere 2% of the genomes). We have to deal with the vast amount of genes, no matter what their conservation in larger or smaller fractions of the compared species. We can infer the full history of the organisms only by analysing all genes that have homologues in other genomes. That task can only be handled with automated analysis systems which collect homologous sequences from genomic databases, align these sequences, truncate the alignment based on a similarity threshold, and generate phylogenies from the multiple alignment. An example for such an automated system is RiPE (Retrieval-induced Phylogeny Environment) [19] . We applied RiPE for the analysis of subunits α, β and β of DNA-directed RNA polymerases (same set of organisms used for Figure 1 , results not shown) and obtained phylogenies that confirmed many of the species clusters known from the rRNA phylogeny and protein phylogenies from the pre-genomic era. By the application of automated analysis tools, it becomes manageable to get a quick view on the placement of new lineages in phylogenetic trees. However, with now dozens of lineages representing the flood of genes extracted from the rapidly growing genome databases, we start to observe a serious lack in computer power for the inference of phylogenies with maximum likelihood and parsimony methods. Only the quick -and not always reliable -neighbour joining procedure can handle the large amounts of data on regular computers. Moreover, the information content of short marker molecules can easily be overcharged by inferring extremely large trees from insufficient data.
Metagenomics outlook: a phylogenetic jungle
As long as DNA sequences were only available from cultivated organisms we had a relatively clear picture of the location of hyperthermophiles in phylogenies, e.g. the Crenarchaeota section of phylogenetic trees was exclusively filled with hyperthermophile lineages. The availability of sequences directly from environmental samples dramatically changed that picture, e.g. the detection of novel phylotypes from mesophilic environments which are placed next to hyperthermophilic lineages in phylogenies [20] . Only less than 1% of the micro-organisms on Earth have so far been cultivated. In the near future more new isolates and their genomes might open completely new lineages in phylogenetic trees, as with the recent discovery of the hyperthermophilic Nanoarchaeum equitans and the phylogenetic analysis of its genome [21] . Without the help of fully automated systems like RiPE, which allow us to screen the rapidly growing databases for new phylogenetically interesting lineages in all phylogenetic marker molecules, we will be lost within the flood of sequences from the environment and the genomes thereof. Our hypotheses derived from genomebased phylogenies should always be viewed with much caution, knowing that more than 99% of the data (species, genomes) are still not accessible for analysis. The deep hyperthermophilic lineages in our phylogenies might soon be joined by mesophilic or even psychrophilic branches of yet uncultivated organisms that constitute the vast majority of the unexplored diversity in soil and marine environments.
A cautious final note
Even if we were able to access the sequences of all genomes and the marker molecules encoded therein, this would not necessarily allow us to infer stable and reliable phylogenies thereof. And it would not necessarily allow us to infer the final phylogenetic position of the hyperthermophiles and their origin and implication for organismal evolution. Almost all published phylogenies that have been inferred from marker molecules ignore the fact that these markers are in fact unsuitable for any firm phylogenetic conclusion, mainly because of their high level of mutational saturation [22] . The root of the tree of life and the position of the hyperthermophiles within these trees have also been analysed in the light of the covarion model, which reflects the mutational saturation effects [23] . In this model, hyperthermophiles like Thermotoga maritima can be found not at the root of the Bacteria, but in the middle of the domain; interestingly the tree topologies for rRNA-based and protein-based phylogenies fit very well under this model [23] . However, the procedure used for these phylogenies is very time consuming and its application is not widespread. An even more serious argument against hypotheses that are too far reaching inferred from the deep location of hyperthermophiles in phylogenetic trees comes from the fact that we can't infer really early lineages in phylogenies due to the Darwinian threshold, presented in Carl Woese's latest theory for the evolution of cellular organization [24] . According to this theory, the first phase of evolution on our planet was dominated by communal invention, not by intra-lineage variation. Only after the Darwinian threshold did vertically generated novelty assume greater importance for evolution. With the reconstruction of phylogenies from molecular markers, we can only access intra-lineage variation. Everything below the Darwinian threshold is out of the reach of phylogenomics. Even if the hyperthermophilic lineages had be firmly placed at the base of solid phylogenies, this would not provide an indisputable argument for a hot origin of life on Earth.
